Field-collected
INTRODUCTION
Only a few butterfly species have been reported to produce or hear sounds. The most well-known examples are in the nymphaline butterfly genus, Hamadryas, which produce loud clicks (Yack et al., 2000, and references therein) . The behavioral function of wing clicks in Hamadryas has remained a question of considerable discussion since a proposal by Darwin (1874) that they may play a role in courtship. Others have suggested that the clicks startle predators or competitors (Young and Borkin, 1985) or that they are involved in male-male territoriality (Monge-Nájera et al., 1998) .
In addition to Hamadryas, Heliconius spp. have been reported to hear and respond to clicks, but until now, there has been no evidence to indicate that they produce sounds (Yack et al., 2000; Swihart, 1967 ). When fieldcollected H. cydno alithea Doubleday from Ecuador were heard producing clicks in interactions with conspecifics, it provided an opportunity to record from Heliconius butterflies as they produced the clicks and then observe the behavioral responses to the sound.
Field-collected H. cydno produced clicks for about a month after their initial release into greenhouses in a large insectary in the Patterson Laboratories at the University of Texas, Austin. The first-generation adults born in the greenhouses did not produce any perceptible sounds. Sounds were also produced during interspecific interactions with Heliconius erato phyllis; however, none of these sounds was recorded because the encounters were brief.
METHODS
To record sounds, a Panasonic microcassette recorder (Matsushita, Inc., Osaka, Japan) was held near the butterflies in the greenhouse. Sounds were recorded near midday, when males and females were actively flying and feeding, and late in the afternoon, when they began to roost.
For acoustic analysis, the signals in seven separate wing-click trains were band-pass filtered between 30 and 6000 Hz, digitized at 25 kHz, and analyzed using a custom-written signal acquisition and analysis program (DAVIS, [see Mankin et al., 2000a, b, for details] ). Relative differences in signal amplitude and confirmation by audio playback of signals were used to identify signal peaks as wing clicks (see examples in Fig. 1) . A subroutine in the DAVIS program placed the peak of each click (e.g., Fig. 1b) at the center of a 512-point (20.48 ms) window, applied a Hamming filter, and calculated a discrete Fourier-transform power spectrum (Mankin et al., 2000a) . Spectral averages of multiple clicks were constructed by averaging spectrum levels of all clicks at each discrete reference frequency (e.g., Embree and Kimble, 1991) .
RESULTS AND DISCUSSION
The clearest recordings were obtained at roosting time, about 1800-1830 on April 21, 1995. The clicks occurred when the flying and roosting individuals came very close to each other, almost touching each other's heads and wings. Similar sounds were also recorded earlier that day when a male and female encountered each other. The individual perching in the branch or stem of the roosting site responded to the sound-producing individual by beating its wings in a slow, rhythmic manner.
Although we did not record interspecific sounds, the first author heard clear sounds produced by H. cydno in encounters with H. erato phyllis. During these encounters, the field-collected H. cydno behaved aggressively, chasing the H. erato away by flying at high speed, thereby gaining access to Psiguria flowers upon which they feed.
The wing clicks produced by flying H. cydno females were short, broadband pulses. In the longest recording from the encounter between a flying and a roosting female (20 clicks over a 5.5-s period), the clicks had a mean duration of 1.48 ± 0.14 MS (SE) and a peak energy near ∼1075 Hz (see mean spectrum between 0 and 3 kHz in Fig. 2 ). The mean relative signal level gradually decreased to −42 dB between 3 and 6 kHz. Six of the 20 clicks had two components, possibly an indication that each wing contributed separate sounds during the wingbeat cycle (e.g., Yack et al., 2000) . For these six clicks, the mean time between components was 0.77 ± 0.11 ms. Because of this slight separation between components, the mean durations of the double-component clicks were longer (2.27 ms) than the mean durations of the 14 clicks with only one apparent component (1.14 ms) (t = 8.05, df = 18, P < 0.01).
The recorded sounds occurred in short trains of 3-10 clicks. The time between the peaks of clicks in four trains that contained four or more clicks each was measured as interclick interval (ICI), and the click frequency was calculated as 1/ICI (Fig. 3) . The mean click frequency of the trains in Fig. 3 was 10.9 ± 0.7 Hz.
The clicks recorded from H. cydno were weaker and lower in frequency than those that have been recorded from Hamadryas feronia (Frushtorfer), the butterfly whose sound production and hearing have been studied in the greatest detail (Yack et al., 2000; Swihart, 1967) . Yack et al. (2000) found that H. feronia males produced pairs of loud (80-to 100-dB sound pressure level [SPL] at 10 cm) clicks with durations of 0.42 ms and peak energies between 13 and 15 kHz. The microcassette recording system is not ideal for calibrated, high-frequency acoustic measurements, so we did not perform analyses at frequencies >6 kHz. However, an approximate calibration of the signal between 0 and 6 kHz (see Mankin et al., 1996) indicated that the Heliconius wing clicks were weak sounds (<40-dB SPL at 10 cm). The recorded signals had a minimal energy of between 3 and 6 kHz. Subjectively, the clicks played back from recordings sounded very similar to clicks heard directly; consequently, we do not consider it likely that the clicks contained significant energy at frequencies between 6 kHz and the upper frequencies of human hearing. In contrast, the 80-dB clicks by H. feronia males usually had greater energy between 3 and 6 kHz than between 0 and 3 kHz (Yack et al., 2000) and, thus, would seem much louder and higher in frequency to a human observer. The differences in loudness and frequency suggest that the clicks were produced by different mechanisms in the two butterfly species. The precise mechanism remains to be determined in further studies, but it has been proposed that the sound is produced by a percussive mechanism in Hamadryas (Otero, 1990; Monge-Nájera et al., 1998) .
One of the observed behaviors associated with sound production was that the signaling butterfly often flew very close to the other butterfly, almost touching its head and wings. This behavior is perhaps associated with the presence of a secondary sound receptor organ found in the head. Swihart (1967) found that the greatest number of auditory receptors appeared in the optic lobes, which are particularly large in Heliconius (Gilbert, 1975 , and references therein). Swihart also determined that the sounds were coming from metathoracic wing nerve IIIN1c. The sensitivity of IIIN1c was greatest at 1.2 kHz, near the peak frequency of the clicks produced by H. cydno. However, because sound production by Heliconius had not been observed prior to the current study, there was some doubt as to whether hearing plays a functional role in interspecific communication in this genus.
The observations of field-collected H. cydno producing clicks in encounters among conspecifics and members of different species are consistent with a hypothesis that hearing plays a functional role in intra-and interspecific communication in Heliconius. Furthermore, because sounds from one species potentially could be perceived by others (e.g., H. erato is anatomically equipped to detect sounds produced by cydno), these clicking sounds could serve as means of communication between members of multiple species in a butterfly community.
It is unlikely that sound production by adult Heliconius functions as a defensive mechanism as in Arctiidae and Noctuidae moths (e.g., Roeder, 1962; Blest, 1963) . Heliconius butterflies present another type of defensive mechanism against predation, which is advertised through their warming coloration (Brower, 1989; Chai and Srygley, 1990) . Future studies may clarify whether sound production is a widespread phenomenon within Heliconius and whether members of different species (e.g., within and between mimicry rings) can use sound to communicate with one another.
Finally, we do not have a clear explanation for why the butterflies ceased producing sounds within a month after they were released in the greenhouses, or why the first generation of adults born in the greenhouses did not produce sounds. However, sound production may be inhibited by loud noises produced by fans and other electrical equipment (see, e.g., Römer et al., 1989) . Another type of communication such as semiochemical communication may be more effective under greenhouse conditions.
